Abstract. In this work, we address a coefficient diagram method (CDM) for designing temperature control available to an energy integrated solid oxide fuel cell (SOFC) system that the high temperature of SOFC exhaust gas can be a heat source for all heat exchangers in SOFC system. The SOFC system represents the multi-loop control system in which the key controlled variables are the SOFC, steam reformer and heat exchanger temperatures. For temperature control design, an air flow rate entering SOFC and a valve position of SOFC hot stream splitter are identified as the manipulated variables to regulate the main controlled variables of a SOFC temperature and a steam reformer temperature, respectively. By using the CDM, the stability and robustness for regulating the SOFC system temperatures were analyzed to offer the suitable control parameters and the simulation results showed that the designed temperature control of SOFC system provides a good performance to control the controlled variables and reject the disturbance.
Introduction
High temperature solid oxide fuel cell (SOFCs), integrated with fuel reforming technologies, can be promised to be very efficient for converting chemical energy into electricity. It also provides high system efficiency, low environmental impact and flexibility of usable fuel types. Another advantage of the SOFC is the use of high temperature exhaust gas from SOFC outlet as the usable heat that makes it suitable to integrate heat with fuel processor and all heat exchangers in the SOFC system as proposed in a previous work of modeling and simulation of an energy integrated SOFC system when ethanol solution reformed to hydrogen-rich gas was chosen [1] . Moreover, the energy integrated SOFC and heat recovery gas turbine can generate the additional electricity using for driving a liquid pump for ethanol solution and an air compressor in the SOFC system. Furthermore, the energy integration is achieved by designing a network of heat exchanger [2] .
In our previous work [1] , the modeling and simulation of SOFC system has been performed to characterize the dynamic behavior of the heat integration of SOFC system. The simulation results indicated that for the SOFC control loop, the air flow rate was designed as the manipulated variable (MV) and the temperature of SOFC was designed as the controlled variable (CV) while for the steam reformer control loop, the valve position of high temperature SOFC exhaust gas splitter was considered as the MV when the temperatures of steam reformer was designed as the CV.
There are many control design methods applying for the SOFC system and Huang et al. [3] also presented excellent overviews on perspective of dynamic modeling and control for the SOFC. In case of the energy integration of SOFC systems, various integration strategies for SOFC energy systems proposed by Zhang et al. [4] . Georgis et al. [5] [6] carried out the design and operation of an energy integrated SOFC system with an external methane steam reformer and applied a linear multi-loop control strategy developed for the entire integrated system [5] and a nonlinear model based controller derived for the control of fuel cell [6] . Moreover, many researches [7] [8] [9] [10] investigated the control strategies of the combination of SOFC and gas turbine system that main control objective is to maintain SOFC stack temperature, fuel flow rate and fuel utilization. However, most of researches used methane reforming to produce the hydrogen-rich gas as fuel for SOFC system but, nevertheless, the literature on the modeling and control of the integrated SOFC system with an ethanol steam reformer is limited.
In this paper, a new challenge is made up to design a PI controller for an energy integrated SOFC system using coefficient diagram method (CDM). The main features of CDM are modification of the polynomial expressions for the plant and the controller, nonexistence or existence of very small overshoot in the closed loop response, obtaining the characteristic polynomial of the closed loop system efficiently by taking a good balance of stability, time response and robustness of the control system with uncertainly in the plant parameters [11] . Consequently, many control systems have been designed successfully using CDM [11] [12] [13] . As the strength of CDM lies in that the simplest and robust controller under practical limitations can be found for any plant [12] , this work also investigates the multi-loop control design for the energy integrated SOFC system using CDM.
An Energy Integrated SOFC System
The high operating temperature of SOFC offers the possibility of both internal and external steam reformer (SR) from ethanol to produce the hydrogen-rich gas as the fuel of SOFC. Fig. 1 shows the basic design of heat exchanger network for an energy integrated SOFC system based on the pinch technology. The details of the energy integrated SOFC system were explained in the previous work [2] . 
CDM Procedure
One of algebraic approaches of a control design procedure based on polynomial expressions is the coefficient diagram method (CDM) introduced by Manabe [14] that the numerator and denominator of the transfer function are considered independently from each other so better results can be achieved against pole-zero cancellation [15] . The prominent point of CDM is its simplicity and robust controller for several industry processes under practical limitation and various control systems have been designed successfully by using CDM [11] . A good control system can be designed by using efficient CDM control tool. It is easy to realize a controller under the conditions of stability, time domain performance and robustness [16] . The close relations between these conditions and coefficients of the characteristic polynomials can be simply determined. This means that CDM is effective for not only control system design but also controller tuning [12, 17] . In CDM, designed specification parameters are equivalent time constant ( ), stability index ( denominator polynomial, while F(s) and B(s) are considered as the reference numerator and the feedback numerator polynomials in CDM controller transfer functions, respectively. As the controller transfer function has two numerators, it resembles to a 2DOF (Degree of Freedom) system structure. A(s) and B(s) are designed as to satisfy the required transient behavior, while pre-filter F(s) is determined as zero order polynomial and used to provide the steady-state gain [16] . The output of the CDM control system from Fig. 2 can be written as
Where P(s) is the characteristic polynomial of the close loop system that P(s) can be defined by
The A(s) and B(s) polynomials in the CDM control structure are given by
According to Manabe [14] , the CDM design parameters, including equivalent time constant ( ), stability index ( i  ) and stability limits ( * i  ) are defined as Eq. 4a, Eq. 4b and Eq. 4c, respectively [12, 18] . 1, , 1 ()
The equivalent time constant is determined the time response speed. The stability index specifies the stability and the waveform of the time response. The variation of the stability index owing to plant parameters variation designates the robustness property [12, 14] .
The key parameters, which are firstly chosen, for CDM control system are the equivalent time constant and the stability index. For the choice of the equivalent time constant, the desired settling time for the time response of the CDM control system is calculated before starting the design. The relation between the settling time and the equivalent time constant is considered according to the standard Manabe form [14] . If t s denotes the desired settling time, the relation express of the chosen  can be given by
For the choice of the stability index, according to the Manabe form [14] , the stability index is chosen as 1 0 2.5, 2 ; 2~( 1),
The standard values of stability index according to the Manabe form [14] can be used to design the controller if the following condition as presented in Eq. 7 is satisfied. 
From the CDM standard block diagram, it can be rearranged in a structure of 2 DOF [19] as illustrated in Fig. 3 where the controller G c (s) and the pre-filter G f (s) are defined as Eq. 10 and Eq. 11, respectively. ) ( 
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Control Design using CDM
The control objectives of the energy integrated SOFC system are considered for the entire integrated SOFC system as follows:
Fuel cell temperature control: The SOFC system is assumed that all the gases inside the SOFC stack are perfectly mixed; thus the temperature of exhaust gas from the SOFC can be consider as same as the operating temperature. The SOFC temperature can be controlled by manipulating the air flow rate of the system [1] . The set point temperature is 1200 K. Based on the unsteady-state energy balance equations in the previous study of modeling and simulation of the energy integrated SOFC system [1] , the transfer function of SOFC system can be written as
Where fc T is the SOFC temperature and air N is the air molar flow rate. Nominal parameters and operating points of this SOFC system are presented in previous work [1] .
According to CDM design procedure as mentioned in previous section, by using Eq. 5, the desired settling time (t s ) of 200 sec is defined; thus the equivalent time constant ( ) can be calculated as 80 sec. When the stability index was varied as 2.5, 3, 4, 5 and 10, the controller parameters of CDM-PI control can be determined as shown in Table 1 .
Steam reformer temperature control:
The temperature of steam reformer mainly affects both the composition of gas product influencing the amount of electrical power generation of SOFC and the temperature of SOFC stack. The steam reformer temperature can be controlled by adjusting the valve position of hot stream splitter [1] . The set point temperature is 973 K to produce the required gas composition fed into anode side of SOFC. The transfer function of steam reformer unit (HX1) is The transfer function of HX1 in Eq. 13 can represent to an estimated model of the first order system as shown in Eq. 14, that is 1 250
In this steam reformer control loop, the desired settling time (t s ) is also specified at 200 sec so the equivalent time constant ( ) of 80 sec can be also determined. By varying the stability index to be 2.5, 3, 4, 5 and 10, the controller parameters of CDM-PI control can be determined as shown in Table 2 . 
Simulation Results
The testing of performance of CDM-PI controller system, when the step response of SOFC temperature was changed by +5%, is shown in Fig. 4 . The effects of stability index varying at 2.5, 3, 4, 5 and 10 on the response of SOFC temperature and control signal of air valve are illustrated in Figs. 4(a) and 4(b), respectively. An increase of the stability index increases the settling time but decreases the overshoot of control system when the higher stability index, the higher maximum control signal as shown in Table 3 . The stability index also affects the SR temperature and control signal of hot stream valve as illustrated in Figs. 4(c) and 4(d) , respectively. The change of SOFC temperature influences the SR temperature when the stability index of SR control loop increases, the peak of SR temperature decreases and it can be found that the control system can rapidly regulate the SR temperature to the nominal operating point. In order to investigate the disturbance rejection, the step change of air temperature was increased 10% from the nominal operating point as shown in Fig. 5 . A rapid change of air temperature increases SOFC temperature (see Fig. 5(a) ) and affects the SR temperature (see Fig. 5(c)) ; however, an increase of the stability index can decrease the change of SOFC and SR temperatures and they can be adjusted to be the nominal operating point rapidly. 
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The increase of stability index can decrease the overshoot but increase the settling time that means the control system can robust the disturbance of the energy integrated SOFC plant and can reject the disturbance rapidly. 
Conclusion
In this paper, the control system design with CDM for the temperature control of SOFC system was presented to maintain the SOFC and SR temperatures. The control parameters were determined by CDM based on PI controller. The PI controller parameters were estimated by defining the stability index and equivalent time constant. The results showed that overshoot decreases but the settling time increases when the stability index increases. Moreover, this designed control system can reject the disturbance and provide the good performance and the robustness with increasing stability index. 
